ABSTRACT Proton exchange membrane fuel cell (PEMFC) is an ideal form of power generator, but its performance is drastically compromised under dynamic loading conditions. For the purpose of correctly understanding and accurately predicting the power performance of PEMFC under dynamic loading conditions so as to facilitate the rational design of PEMFC vehicles, this paper first built a high-fidelity 3D model of a PEMFC, then precisely calculated the dynamic voltage response during the non-steady stages, and finally identified the influential factors that can moderate the dynamic response. Results suggest that avoiding extremely large rate of current density change can keep the PEMFC running in steady state, which is beneficial to the lifetime of the PEMFC. Meanwhile, raising the anode/cathode pressure to 2.0 atm, maintaining the excess H2/O2 coefficients above 2.0/2.5, or keeping the anode/cathode inlet sufficiently humidified to 100% R.H. help the PEMFC to quickly reach new equilibrium in response to dynamic loading. The novelty of this paper is embedded in the detailed modeling of the PEMFC micro structure as well as the systematic parametric analysis of the potential moderating factors and mechanisms of the dynamic response.
I. INTRODUCTION
Proton exchange membrane fuel cell (PEMFC) is an ideal form of power generator because of its higher energy density, smaller volume, higher efficiency, shorter starting time, and enhanced reliability [1] - [4] . However, the power performance of a PEMFC is drastically compromised under dynamic loading conditions [5] - [7] , which poses a challenge of applying PEMFC to automobiles. For example, the typical lifespan of a PEMFC reaches 30,000 hours when serving as a fixed power supply [8] , but it drops to only around 2,500 hours if it drives an automobile in real working conditions [9] . Moreover, its power efficiency may also decrease by as much as 10% under dynamic loading conditions [10] . Hence it is extremely meaningful to correctly understand and accurately predict the power performance of PEMFC under dynamic loading conditions, so as to facilitate the rational design of PEMFC vehicles.
Existing studies have provided important foundations to the numerical simulation of the power performance of PEMFC under dynamic loading conditions from different perspectives. For example, Amphlett [11] addressed the temperature evolution in a PEMFC under non-steady conditions by introducing a heat accumulation term in the electrochemistry model. Um et al. [12] successfully reconstructed the electric density overcharging of a PEMFC within the first several seconds of starting by incorporating a multiple component fluid dynamics model.
Apart from capturing the dynamic responses of PEMFC, researchers have also investigated the factors that can potentially moderate these responses. For instance, Wang et al. [13] discovered that the time for PEM to reach full hydration significantly affects the time for PEMFC to achieve equilibrium. Similarly, Yan et al. [14] reported reduced PEMFC response time upon the adoption of thinner PEM. In addition, increasing the inlet pressure [15] or raising the inlet concentration [16] can also accelerate the dynamic response of PEMFC, whereas ohmic loss [17] and load impedance [18] can lessen the voltage overstrike during a step current.
In spite of the above efforts, existing studies have all been limited to assumed conditions, and have mostly been simplified to lumped parameter models. In other words, there has lacked a study which can accurately characterize the dynamic power performance of a PEMFC based on actual cycle test condition. Against such background, this study aims to fill the gap by first building a high-fidelity 3D model of a PEMFC, then precisely calculating the dynamic voltage response during the non-steady stages, and finally identifying the influential factors that can moderate the dynamic response.
The novelty of this paper is two-fold. On one hand, it established a detailed model of the PEMFC micro structure, which ensured the high accuracy of performance prediction compared with lumped parameter models. On the other hand, it conducted a systematic parametric analysis of the potential moderating factors and mechanisms of the dynamic response of PEMFC by incorporating variations of parameters in the vicinity of standard loading conditions, which subsequently formed the design criteria of PEMFC that can better confront dynamic loadings.
II. MODELING METHODS
The modeling of PEMFC dynamic responses involves the integration of control equations, the reconstruction of geometry and boundary conditions, and the incorporation of assumptions. Before the model was applied for dynamics response study, it was compared with experimental results to guarantee its validity.
A. PEMFC EQUATIONS
There are three sets of control equations for PEMFC modeling, namely conservation equations, electrochemical reaction equations, and water through-membrane transport equations.
(i) Conservation equations Firstly, the PEMFC model needs to satisfy the conservation of mass, as is controlled by Eq. (1) .
which applies to low speed continuously flowing fluid. In Eq. (1), ε is the porosity of porous medium; ρ is the density of fluid; u is the velocity vector of fluid;
∂t indicates nonsteady state; ∇(ερ u) indicates convection, and S m is the mass source term. In a fuel cell, S m is zero everywhere except in the catalyst layer. Secondly, the model needs to satisfy the conservation of momentum, as is controlled by Eq. (2) . (2) in which P is the pressure of fluid; µ is the viscosity of fluid;
indicates non-steady state; ∇ · (ερ u u) indicates convection; −ε∇P and ∇ · (εµ∇ u) indicate diffusion, and S u is the momentum source term. Thirdly, the model has to obey the conservation of energy, which is expressed in Eq. (3) .
in which C p is the specific heat capacity of fluid under constant pressure; k eff is the effective heat conduction coefficient;
indicates non steady state; ∇ · (ερC p uT ) indicates convection; ∇ · (k eff ∇T ) indicates diffusion, and S Q is the energy source term. Note that Eq. (3) does not consider the energy loss due to viscous flow. Fourthly, the model has to obey the conservation of constituents, which is expressed in Eq. (4) . 
in which q k y is the diffusion flux of constituent k along y axis, whereas D k is the free diffusion coefficient of constituent k.
(ii) Electrochemical reaction equations The conservation of electric current is controlled by Eq. (6) and Eq. (7).
in which σ s and σ m are the electric conductivity of solid and membrane; φ s and φ m are the electric potential of solid and membrane; S s is the source term for solid electric current, and S m is the source term for membrane proton current.
In the catalyst layer, the electrochemical reaction is controlled by Bulter-Volmer equation, i.e., Eq. (8) and Eq. (9) .
RT η ca (9) in which the subscripts an and ca designate fuel cell anode and cathode; (iii) Water through-membrane transport equations In a fuel cell, the driving forces of water molecular transport through the PEM are three-fold. Firstly, water transports from anode to cathode driven by electro-osmosis; see Eq. (11) .
in which n d is the electro-osmosis transport coefficient; M H 2 O is the molar mass of water, and i is current density. Secondly, water transports back from cathode to anode because of concentration gradient; see Eq. (12) .
in which λ is water content; ρ m and M m are the density and equivalent molar mass of dry membrane, whereas D w is the diffusion coefficient of water, which is determined by temperature and water content. Finally, the pressure difference between anode and cathode also drives water transport; see Eq. (13) .
in which k p is hydraulic osmosis coefficient; µ is the viscosity of water; C w is the molar concentration of water, and dP dx is the pressure gradient through the thickness of the membrane.
Therefore, the total water flux is the sum of the above three factors; see Eq. (14) .
B. GEOMETRY, MESH, AND BOUNDARY CONDITIONS The geometry of the flow channel is shown in Figure 1 . It has five separate channels which develop in a snake-shape manner. The model was built using the software Gambit.
The fuel cell assembly is made up of current collector plates (anode and cathode, or a&c), flow channel (a&c), gas diffusion layer (a&c), catalyst layer (a&c), and PEM; see Figure 2 . Meanwhile, the geometric parameters of the modeled fuel cell are listed in Table 1 .
The mesh task was performed using Gambit. The fuel cell assembly was discretized into 1,713,280 hexahedron elements. Each element had an EquiSize Skew value ranging from 0 to 0.1, indicating good mesh quality.
As for boundary conditions, the current collector plates were set as solid, with other components set as fluid. In the meantime, anode and cathode inlets were set as MASS_FLOW_INLET; anode and cathode outlets were set as PRESSURE_OUTLET; other end faces were set as WALL.
C. ASSUMPTIONS
The following assumptions were made to model.
1) The fuel cell runs at constant temperature.
2) The inlets of anode and cathode are ideal, incompressible gases. 3) Gas moves in the flow channel in a laminar way, and there is no pressure gradient. 4) Water only exists as gas, i.e. single phase flow. 5) PEM, catalyst layer, and gas diffusion layer are all treated as isotropic materials.
D. MODEL VALIDATION
The established model, realized in the software ANSYS Fluent, was compared with experimental results [19] for validation, which shared the same set of material properties; see Table 2 . Moreover, their operating conditions were also identical for comparison purposes; see Table 3 .
E. DYNAMIC LOADING BASED ON DOE PROTOCOL
The dynamic loading conditions of the PEMFC were adopted from DOE (U.S. Department of Energy) protocol [20] . To be more specific, the current density of the PEMFC experienced step changes from an initial value (i 0 ) of 0.21 A/cm 2 to adjusted values (i 1 ) of 0.33, 0.50, 0.69, and 0.90 A/cm 2 respectively, which correspond to the typical stepwise current changes in the DOE protocol [20] ; see cases No.1-No.4 in Table 4 and Figure 4 . Subsequently, by choosing case No.3 as a benchmark and altering the other loading conditions, the moderating effect of the loading conditions on the dynamics responses of the PEMFC were investigated; see 
III. RESULTS AND DISCUSSION

A. VALIDITY OF THE MODEL
For validation purposes, the simulated polarization curve of the PEMFC was compared with its experimental counterpart in Figure 5 . Results suggest that the two curves are in good agreement when the current density is lower than 0.8 A/cm 2 . Considering the fact that the benchmark current density of this study was set as 0.69 A/cm 2 , which is within the range VOLUME 6, 2018 Step changes of current density.
of good prediction according to Figure 5 , the established model in this study was thus validated and further employed to uncover dynamic responses.
The inconsistency of simulation and experiment above the current density of 0.8 A/cm 2 , though not affecting the subsequent parametric studies, deserves additional discussion. When the current density of a PEMFC increases, the water production rate also grows correspondingly. Normally, water has to be effectively discharged from PEMFC; otherwise, it will block the channel through which gas passes from the inlet to the reaction sites, resulting in loss of power. Such phenomenon is called water flooding. Unfortunately, water flooding did happen in the experiment, during which the voltage of the PEMFC drastically dropped at the current density of above 0.8 A/cm 2 . However, such loss of power was not captured by simulation, largely because of assumption No.4 that water only exists as gas, i.e. single phase flow. In other word, simulation does not take into account the impact of water in liquid state. Nevertheless, this assumption has proved to be a wise choice in that it greatly simplifies the modeling and calculation procedure without sacrificing accuracy in the range of concern. 
B. DYNAMIC RESPONSE OF THE PEMFC
The dynamic response of the PEMFC was captured by recording the transient voltage of the cell responding to the step change of current density in Figure 4 . Figure 6 demonstrates the response of voltage from 2 s (moment of current density change) to 12 s (voltage change <1%/1s). With case No.3 being the benchmark, which also appears in rest of the figures in black line, it is observed that the instantaneous valley voltage (at around 2.5 s) and the equilibrium voltage (at 12 s) both decrease with increasing change of current density. This is reasonable because of the apparent trade-off of voltage and current density in Figure 5 .
Moreover, the time to equilibrium also increases with increasing change of current density, as is depicted by the four triangles in Figure 6 . The time to equilibrium is ad hoc defined as the moment since which the total change of voltage is smaller than 5% of the change of voltage from instantaneous valley voltage to equilibrium voltage. In other words, it takes longer time for the voltage to reach equilibrium under a larger step change of current density. Therefore, when designing a fuel cell system, it is very important to avoid extremely large rate of current density change so as to keep the PEMFC running in relatively steady state.
It is worth noting that the voltage reached a temporary minimum value before gradually and monotonously increased to the equilibrium value. Ideally, the voltage curve should have the same shape with the current density curve (Figure 4) . What happened in the real situation is that with steppedup current density, the PEMFC suddenly has to consume more fuel and produce more water. However, it takes time for the supply of fuel and the discharge of water to change immediately enough to keep up with the pace because of the mass inertia of the gas and liquid. The following parametric study results will demonstrate the several means to mitigate the inertia effects, but they all come up with some price.
C. MODERATING FACTORS OF THE DYNAMIC RESPONSE
Cases No.5-No.7 studied the moderating effect of anode/ cathode pressure on the dynamic responses of the PEMFC. According to Figure 7 , the time to equilibrium can be shortened by up to 1 s if the anode/cathode pressure is increased from 1.8 atm to 2.0 atm. However, further increase of anode/cathode pressure to 2.3 atm generates limited effect. Therefore, it is beneficial to slightly raise the anode/cathode pressure of the PEMFC so as to better confront dynamic loadings.
The mechanism behind the above observation lies in the fact that the PEMFC voltage is positively correlated with anode/cathode pressure; see Eq. (10) . As has been discussed, under stepped-up current density, the PEMFC immediately has to consume more fuel. At this moment, the originally higher anode/cathode pressure can surely guarantee more adequate fuel supply.
Cases No.8-No.10 explored the moderating effect of excess H 2 /O 2 coefficients on the dynamic responses of the PEMFC. From Figure 8 , it can be seen that the time to equilibrium is shorter when the excess H 2 /O 2 coefficients are larger (e.g., in No.10, 2.5, 2,5). To put it another way, excessive H 2 /O 2 serve as reactant reservoirs that can lessen the impact of dynamics loadings.
The mechanism of the impact of excess H 2 /O 2 coefficients is also about fuel supply during the transient stage. Like what has been discussed, the increased current density of the PEMFC calls for higher rate fuel consumption. Meanwhile, according to Eq. (8) and (9), higher concentrations of H 2 and O 2 can both generate more electrochemical power. This accounts for the reason why the dynamic responding time of the PEMFC is shorter when the excess H 2 /O 2 coefficients are higher.
Cases No.11-No.13 uncovered the moderating effect of anode/cathode R.H. on the dynamic responses of the PEMFC. Figure 9 clearly exhibits that the time to equilibrium dramatically increases at lower R.H., indicating more severe shortage of water upon elevated current density. Consequently, keeping the anode/cathode inlet humidified can greatly contribute to the stability of the PEMFC during under dynamic conditions.
The reason behind the positive influence of anode/cathode R.H. on the dynamic response of PEMFC is that PEM needs water for better ion conduction. Because the sudden change of current density is accompanied by the higher demand for proton conductivity in the membrane, PEMFC with higher anode/cathode R.H. can surely better cope with dynamic loading.
IV. CONCLUSION
Correctly understanding and accurately predicting the power performance of PEMFC under dynamic loading conditions facilitates the rational design of PEMFC vehicles. To this end, this paper successfully captured the dynamics response of a PEMFC by first establishing and validating a high-fidelity 3D PEMFC model, and then analyzed the impact of dynamic loading conditions. Results suggest that 1. Avoiding extremely large rate of current density change can keep the PEMFC running in steady state, which is beneficial to the lifetime of the PEMFC. 
